The paper presents an overview and significant improvement of one of the intensive quenching processes (namely, the IQ-3 process). The IQ-3 process is an interrupted quench method that is usually implemented in high-velocity single-part quenching IQ units. The IQ-3 process is often called a direct convection quenching since, due to a very high water flow rates through the quench chamber, both the film boiling process and the nucleate boiling process are eliminated completely, and convention process starts immediately after beginning of the quench. Different criteria of the IQ-3 process interruption are considered. Normally, the IQ-3 process is interrupted at a time when current surface compressive stresses are at their maximum value. After a conventional IQ-3 process, there is a mixed structure in the part core. The paper focuses on the IQ-3 method that provides a bainitic structure in the part core. A method for calculation of a required water flow rate for high-velocity IQ systems for providing the bainitic part core structure is discussed.
Introduction
Before discovering of the intensive quenching (IQ) process by the author of this paper, it was a well-known fact in a heat treating practice that a correlation between a probability of part cracking and part cooling rate during quenching is represented by a parabolic curve: the higher the part cooling rate the greater the probability of part cracking and the greater the part distortion. The IQ process phenomenon proved that this is not always the case. Actually, the correlation between the probability of part cracking and the cooling rate is represented by a bell-shaped curve (Fig. 1) . When the part cooling rate becomes extremely high, the probability of part cracking and part distortion drastically drop. This unusual behavior of part cracking and distortion is explained by a very high current surface compressive stresses developed during the IQ process. These surface compressive stresses remain in the part after the IQ process is completed. Residual surface compressive stresses work like a die keeping the part together, preventing part cracking and reducing part distortion. In addition to beneficial residual surface compressive stresses, both the part strength (due to a deeper hardened layer) and the part ductility (due to a better material microstructure) improve as a result of intensive quenching [1] [2] [3] [4] [5] [6] [7] [8] .
The (IQ) process is an interrupted quench method conducted in highly agitated water and then in the air. Two IQ processes are currently used in heat treating practice: an IQ-2 processes that is implemented in IQ water tanks for batch quenching of steel parts and an IQ-3 method that is usually used for single-part quenching in high-velocity IQ units. A detailed description of these IQ processes is presented in [6] [7] [8] . This paper considers only the IQ-3 process. The IQ-3 method is characterized by a very high water flow rates within the quench chamber. When quenching steel parts in high-velocity IQ units, the part surface temperature drops almost instantly to the water temperature. Both the film boiling process and the nucleate boiling process are eliminated under these conditions. A convection mode of heat transfer starts right away after the beginning of the quench. Therefore, the IQ-3 process is often called a direct convection quenching. Such intensive cooling decreases distortion of steel parts prevents crack formation, increases strength and ductility of materials.
The cooling rate v that provides heat transfer conditions required by the IQ-3 process is calculated by the following equation: T is quenchant temperature. In this paper, the above IQ phenomena is discussed in details and an essential improvement of the IQ-3 process is proposed. Fig. 1 . Crack formation and distortion versus Kondratjev number Kn: I -conventional processes (quenching in oil, polymers of high concentration or vacuum gas quenching); II -stay away zone;
III -intensive quenching zone
Phenomena taking place in zone III

1. Decreased distortion
The first fundamental investigations of the effect of the accelerated cooling rate on the distortion of the bearing ring made of AISI 52100 steel, were performed in 1970-1980 and published in the book (Fig. 2) [1] . As seen from Fig. 2 , the ovality of bearing rings quenched in oil and in water salt solutions is almost the same (curves 1, 2). When quenched in plain water, the bearing rings distortion is three times greater than that after quenching in oil (curve 3). During quenching in water, all bearing rings cracked. There were no cracks during quenching in oil and in water salt solutions [1, 6] . During quenching in water, cracks were formed on boundaries of the local film boiling. The crack formation and big distortion are caused mainly by the local film boiling due to a non-uniform cooling, and, as a result, due to the formation of a non-uniform martensitic shell at the surface of the bearing rings. To be sure that the phenomenon described above is true, let's consider quenching in a high velocity system (Fig. 3) .
Keyway shafts shown in Fig. 4 , 5 were quenched in oils and in the high velocity IQ system (Fig. 3) . Results of the keyway distortion measurements are presented in Table 1 . As seen from Table 1 , the IQ-3 process provides three times less distortion as compared to oil quenching. Obtained results proof the idea that high cooling rates is not a reason for the high part distortion when a uniform cooling is provided. ) of the quench chamber; 5 -air cylinders; 6 -keyway shaft; 7, 8 -water lines; 9 -three-way valve; 10 -actuator; 11 -control valves; 12 -flow meters 
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High compressive residual stresses
In zone III, high compressive residual stresses are formed in the surface layer of steel parts. Some results of the residual surface stresses measurements are presented in Table 2 .
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3. Superstrengthened material
An additional strengthening (superstrengthening) of the material is observed when the part cooling rate at the beginning of the martensite transformation is high enough. Some results of the measurement are presented in Table 3 [1, 2] . As one can see from Table 3 , ultimate strength of material increased for 10 % along with the improvement of its ductility.
Cooling time calculation method for IQ-3 processes
To eliminate the film boiling and nucleate boiling processes completely, one should use equations (2) and (3),which allow determining heat transfer coefficients (HTCs) providing a direct convection mode of heat transfer. Then evaluated HTC should be taken into account when calculating the Nusselt number Nu. Knowing the Nusselt number and Prandtl number Pr, it is possible to determine the Reynolds number Re (see Eq. (4)) which includes a value of the flow velocity of liquid in the channel or in the quench fixture 3 (Fig. 3). ( ) 
where Bi is Biot number; Re is Reynolds number; V Bi is generalized Biot number; Kn is Kondratjev number [11] ; K is Kondratjev form factor [11] ; Nu is Nusselt number; Pr is Prandtl number; T is liquid temperature; β =3.46; R is radius or thickness of plate; λ is thermal conductivity of steel; a is thermal diffusivity of steel.
,
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Once the water flow velocity in channel is determined, one should calculate the cooling time for the steel part being quenched using Eq. (5), where the direct convection mode of heat transfer takes place from the very beginning of the cooling process. According to US Patent No.: US 6,364,974 B1, the core cooling interruption time of steel part corresponds to the moment when surface current compressive stresses achieve their maximal value [12] [13] [14] [15] [16] [17] . Then the steel part is put for tempering. However, the part core temperature at the moment of the interruption can vary from 200 o C to 600 o C depending on the steel part configuration, type of steel and intensity of cooling. Furthermore, high compressive residual stresses can be formed at the surface even in the parts made of through hardened alloy steels if the intensity of quenching is high enough and Kn 1 → . It means that compressive residual stresses at the part surface depends on the part core temperature in significantly. However, the material microstructure in the core differs fundamentally in this case. It means that the interruption cooling time should correspond to a fine bainitic microstructure or nano-structure at the steel part core. The fine bainitic and nano-bainitic structures provide a very high material strength and ductility in the steel part core. It is an idea that makes a difference in the method of cooling time calculations.
Improvement of the IQ-3 processes
To explain how one can improve the IQ-3 process, let's consider the following example. Assume that there is a cylindrical sample of 50 mm diameter and 300 mm long made of ASTM 4135 steel.
It should be quenched intensively from 860
o C by direct convection in a fixture of 56 mm diameter in water of 20 o C. Intensive quenching should be interrupted when the part core temperature approaches the bainitic area. It is a need to develop recipes for such technology.
Direct convection starts when Eq. (2) 4), we can determine the Reynolds number Re, which, for our case, is: 
where 7.03 is Prandtl number for water at 20 o C. The water flow velocity in the quench chamber (Fig. 3) can be calculated from the Reynolds number as 
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It means that the water flow velocity in the quench chamber in the high velocity IQ system (Fig. 3) for the sample of 50 mm diameter should be higher than 3 m/s to eliminate the nucleate boiling process and to provide the direct convection mode of heat transfer.
As a rule, the IQ-3 process in the heat treating practices performed as follows. After heating and intensive interrupted quenching in water flow (Fig. 3) , hardened steel parts are cooled in the air and then transferred for tempering. It takes a long time during which the part core temperature drops below the bainitic transformation. Only in the bainitic zone, the material mechanical properties are rather high (especially the impact strength, Fig. 6 and Table 4 ). Fig. 6 . Schematic of the corrected IQ-3 process which increases essentially impact strength of material in the steel part core More information on bainitic transformations one can find in Ref [21] .
Discussion
For the first time, the IQ-3 process was discovered and patented in Ukraine (UA Patent No 4448). Nobody could believe that an accelerated cooling decreases part distortion, increases material strength along with increasing the part ductility, creates high compressive residual stresses in the part surface layer, and eliminates completely a quench crack formation. The IQ process phenomena always sounds as a crazy idea, even today, and nobody desires to take responsibility to use widely such technology in the practice. In 1999 author received permission from the Ukrainian patenting office to patent the IQ-3 technology abroad. It was patented in USA. A first IQ quench tank, equipped with a U -tube and high-efficiency propeller to provide a highly agitated water flow (with the velocity of up to 2 m/s) was built and installed at the Akron Steel Treating Company [6] . Bearing rings, made of AISI 52100 steel (which are sensitive to cracking in water) were tested. A possibility of eliminating of quench cracks by using intensive quenching was proved. The results of these experiments, the IQ-3 method and design of the high velocity systems are discussed in the ASM and Elsevier books [7, 8] . The improvement of the IQ-3 technology consists in the interruption of intensive quenching when the part core temperature is in bainitic zone. This zone is located between martensite start temperature and pearlitic transformations. Only painstaking experiments can answer the question what temperature is optimal in bainitic zone and how long the material should be tempered after the interruption of intensive quenching. A correlation between the martensite start temperature S M and the maretensite finish temperature F M and the carbon content in steel is provided in Table 5 .
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(2016), «EUREKA: Physics and Engineering» Number 4 The phenomena, discussed in this paper, have a great practical value, especially for increasing of the part service life after intensive quenching. Also, it should be mentioned that the IQ-3 process can decrease the carburization time for 25-40 percent [22, 23] .
Conclusions
1. The IQ-3 process eliminates the crack formation during quenching, decreases distortion of steel parts, increases the material strength and ductility, forms very high compressive residual stresses in the part surface layer, decreases the carburizing time as compared with oil quenching.
2. The IQ-3 process should be interrupted when the part core temperature approaches an optimal temperature in the bainitic zone, and after interrupting of the IQ process, the steel part should be immediately put for tempering at a temperature that provides a fine bainite or nano-bainite structure.
3. Quench fixtures used in high velocity IQ systems should be further improved to provide a more uniform and more intensive cooling at optimized energy expenses.
